INTRODUCTION
============

In recent years, organic semiconductors have emerged as highly promising materials in biotechnology, thanks to several key-enabling features. Differently from silicon-based electronics, they support both electronic and ionic charge transport ([@R1]); they can be easily functionalized with specific excitation and sensing capabilities ([@R2]--[@R4]); and they are solution processable, soft, and conformable ([@R5]). They are highly biocompatible, being suitable for in vivo implantation and long-term operation, as recently reported for many different applications, including electrocorticography, precise delivery of neurotransmitters, electrocardiography, deep brain stimulation, and spinal cord injury ([@R6]--[@R9]). An important, distinctive feature of organic semiconductors is their sensitivity to the visible and near-infrared light. Recently, our and other groups have exploited it for optical modulation of cell electrophysiological activity, by using conjugated polymers and organic molecules as exogenous light-sensitive actuators ([@R10]--[@R12]). Interesting applications have been reported in the field of artificial visual prosthesis ([@R5]), photothermal excitation or inhibition of cellular activity ([@R13], [@R14]), and modulation of animal behavior ([@R15]).

In this framework, the opportunity to use polymer-based phototransduction mechanisms to regulate the very early stages of living cell development has been very scarcely considered ([@R16], [@R17]). The possibility to selectively and precisely regulate a number of cell processes, such as adhesion, differentiation, proliferation, and migration, would be key to regenerative medicine and drug screening. The presently dominant approaches to reliably regulate stem and progenitor cell fate for regenerative purposes mainly rely on the use of chemical cues. However, irreversibility and lack of spatial selectivity represent important limitations of these methods. Whenever targeting in vivo applications, one must face the major, unsolved problem of diffusion of neurotrophic molecules by the conventional intravenous or oral routes. In addition, the therapeutic outcome of autologous cell-based therapy is often impaired by low engraftment, survival, and poor integration of stem cells within the environment of the targeted tissue. Other stimuli, mainly consisting of mechanical and electrical cues, were recently reported to have some notable effects, and recent advances in nanotechnology and material science enabled versatile, robust, and larger-scale modulation of the cell fate. In particular, carbon-based materials and conjugated polymers led to interesting results ([@R18]). However, their distinctive visible light absorption was never exploited in optically driven techniques.

Use of light actuation has been proposed either by viral transfer of light-sensitive proteins, by optogenetics tools, or by absorption of endogenously expressed light-sensitive moieties, based on low light--level therapies ([@R19]--[@R21]). In the first case, interesting results were obtained ([@R22]); however, this approach bears all the drawbacks related to the need for viral gene transfer. Photobiomodulation led to interesting outputs as well, but overall efficiency is hampered by the limited absorption of light-responsive molecules endogenously expressed in living cells.

In this work, we propose to couple the use of conjugated polymers with visible light excitation to gain optical control of cell fate. We focus our attention on endothelial progenitor cells (EPCs) and, in particular, on endothelial colony-forming cells (ECFCs), which are currently considered the bona fide best surrogate of EPCs ([@R23]). ECFCs are mobilized from the bone marrow and vascular stem cell niche to reconstruct the vascular network destroyed by an ischemic insult and to restore local blood perfusion ([@R24]). ECFCs may be easily harvested from peripheral blood, display robust clonogenic potential, exhibit tube-forming capacity in vitro, and generate vessel-like structures in vivo ([@R24], [@R25]), thereby representing a promising candidate for autologous cell-based therapy of ischemic disorders ([@R24]). Manipulating the signaling pathways that drive ECFC proliferation, migration, differentiation, and tubulogenesis could represent a reliable strategy to improve the regenerative outcome of therapeutic angiogenesis in the harsh microenvironment of an ischemic tissue, such as the infarcted heart ([@R24], [@R25]). Intracellular Ca^2+^ signals play a crucial role in stimulating ECFC proliferation and tubulogenesis by promoting the nuclear translocation of the Ca^2+^-sensitive nuclear transcription factor κB (NF-κB) ([@R26]--[@R28]). It has, therefore, been suggested that intracellular Ca^2+^ signaling could be targeted to boost the regenerative potential of autologous ECFCs for regenerative purposes ([@R29]). For the above-mentioned reasons, ECFCs represent a valuable test bed model for assessing the possibility to exploit the visible light sensitivity of conjugated polymers to gain touchless, optical modulation of cell proliferation and function.

In this framework, we demonstrate that polymer-mediated optical excitation during the first steps of ECFC growth leads to a robust enhancement of both proliferation and tubulogenesis through the optical modulation of the Ca^2+^-permeable transient receptor potential vanilloid 1 (TRPV1) channel and NF-κB--mediated gene expression. Our results represent, to the best of our knowledge, the first report on the use of polymer photoexcitation for the in vitro modulation of ECFC fate and function, thereby representing the proof of principle to obtain direct control of progenitor cell fate.

RESULTS
=======

Realization of poly(3-hexyl-thiophene) polymer/ECFC culture interfaces, viability assay, and optical excitation protocol
------------------------------------------------------------------------------------------------------------------------

[Figure 1A](#F1){ref-type="fig"} shows a sketch of the bio/polymer interface developed for obtaining optical control of ECFC proliferation and network formation, together with the polymer chemical structure and the optical absorption spectrum. The material of choice for light absorption and phototransduction is a workhorse organic semiconductor, widely used in photovoltaic and photodetection applications, namely, regioregular poly(3-hexyl-thiophene) (P3HT) ([@R6]). It is characterized by a broad optical absorption spectrum, in the blue-green visible region, peaking at 520 nm. P3HT outstanding biocompatibility properties have been reported in a number of different systems, both in vitro and in vivo, including astrocytes ([@R30]), primary neurons and brain slices ([@R14]), and invertebrate models of *Hydra vulgaris* ([@R15]). Chronical implantation of P3HT-based devices in the rat subretinal space did not show substantial inflammatory reactions up to 6 months in vivo ([@R10]). Here, polymer thin films (approximate thickness, 150 nm) have been deposited by spin coating on top of polished glass substrates, as detailed in Materials and Methods. Both polymer-coated and glass substrates have been thermally sterilized (120°C, 2 hours), coated with fibronectin, and, lastly, used as light-sensitive and control cell culturing substrates, respectively. ECFCs have been isolated from peripheral blood samples of human volunteers and seeded on top of polymer and glass substrates.

![Polymer devices for optical stimulation of ECFC cultures.\
(**A**) P3HT polymer optical absorption spectrum. Insets show the chemical structure of the conjugated polymer and a sketch of the polymer device used for cell optical activation. ECFCs are cultured on top of P3HT thin films, deposited on glass substrates. (**B**) ECFC viability at fixed time points after plating (24, 48, and 72 hours). Cell cultures were kept in dark conditions at controlled temperature (37°C) and fixed CO~2~ levels (5%). No statistically significant difference was observed between the glass and polymer substrates at any fixed time point (unpaired Student's *t* test). (**C**) Experimental setup and optical excitation protocol for evaluation of polymer-mediated cell photoexcitation effects on cell fate. Polymer and control samples are positioned within a sterilized, home-designed petri holder. Light scattering effects are completely screened. The geometry and the photoexcitation protocol have been implemented to minimize overheating effects and to keep the overall extracellular bath temperature fairly unaltered. Thirty-millisecond-long green light pulses are followed by 70 ms in dark condition.](aav4620-F1){#F1}

ECFC proliferation on polymer substrates has been primarily assessed in dark conditions at three different time points, namely, 24, 48, and 72 hours after plating ([Fig. 1B](#F1){ref-type="fig"}). Polymer-coated samples, while showing from the very beginning a slightly lower number of cells as compared with control substrates, exhibit a proliferation rate fully similar to cells plated on glass substrates (slope of the linear fitting is 0.034 ± 0.003, *R*^2^ = 0.99 and 0.034 ± 0.005, *R*^2^ = 0.96 for control and P3HT polymer samples, respectively).

Once assessed that the P3HT polymer surface represents a nicely biocompatible substrate for ECFC seeding and proliferation in the dark, we moved to investigate the effect of polymer photoexcitation. In more detail, to evaluate the effect of optical stimulation on cell proliferation and network formation, we continuously shined light for the whole temporal window required for cell growth, and we realized an ad hoc system suitable for operation within the cell incubator. The experimental configuration and the excitation protocol are schematically represented in [Fig. 1C](#F1){ref-type="fig"}. Optical excitation is provided by a light-emitting diode (LED) source, with maximum emission wavelength at 525 nm, incident from the substrate side. The choice of the protocol, continuously administered to the cell cultures during early seeding and proliferation stages, has been mainly dictated by the need to avoid overheating effects, with possible negative outcomes on the overall cell culture viability. On the basis of these considerations, we opted for a protocol based on 30-ms excitation pulses, followed by a 70-ms dark condition, at a photoexcitation density of 40 mW/cm^2^. The whole protocol is continuously repeated for a minimum of 4 up to 36 hours, depending on the type of functional assay, at controlled temperature (37°C) and CO~2~ levels (5%).

The temporally precise and spatially localized measurement of the temperature variation upon polymer photoexcitation at the polymer/cell interface (i.e., within the cell cleft) is not straightforward because it requires the use of localized, submicrometer probes with a fast response time. However, according to the heat diffusion equation, we expect that dissipation occurs within a few milliseconds, following exponential decrease dynamics ([@R14]). Moreover, we used the well-known method of the calibrated pipette ([@R31]) to characterize the temperature variation dynamics within the extracellular bath volume, defined by the cylinder with the base area corresponding to the light spot size and the height of about 1 μm. This choice is a good approximation of the overall volume occupied by a single ECFC cell; thus, it provides a realistic estimation of the average heating experienced by the cell (fig. S1A). We observe that temperature variation closely follows short optical pulse dynamics, reaching a maximum temperature at the end of the 30-ms illumination period, quickly followed by an almost complete thermal relaxation to the basal temperature during the 70-ms-long dark period. We conclude that our polymer-based system provides a highly spatially and temporally resolved method for optical excitation, making it possible, in perspective, to selectively target single cells and even cell subcompartments. Upon prolonged illumination (hours), one should also consider possible overheating effects of the whole extracellular medium volume. The average temperature of the bath for the entire duration of the long-term experiment was measured by a thermocouple immersed in the medium. Data show that an equilibrium situation is established after 5 hours and that the absolute temperature of the bath is increased by about 1.5° (fig. S1B). The adopted prolonged excitation protocol does not negatively affect overall cell culture viability (see below).

Polymer optical excitation drives ECFC proliferation and in vitro tubulogenesis
-------------------------------------------------------------------------------

[Figure 2](#F2){ref-type="fig"} reports specific effects mediated by P3HT substrates and visible light stimulation on ECFC proliferation. ECFCs were plated in the presence of EGM-2 medium to facilitate the adhesion to the substrate. After 12 hours, the medium was switched to EBM-2 supplemented with 2% fetal bovine serum, and the cells were subjected to the long-term lighting protocol for 36 hours at controlled temperature (37°C) and CO~2~ levels (5%). Under these conditions, ECFCs seeded on P3HT and subjected to light stimulation undergo a significant increase in proliferation rate, as compared with the control condition, i.e., to cells also seeded on P3HT polymer substrates but kept in dark conditions for the whole duration of the experiment (+158% versus P3HT dark; *P* \< 0.05). No statistically significant difference in proliferation was observed among cells seeded on glass, whether they were subjected to optical excitation or not ([Fig. 2A](#F2){ref-type="fig"}).

![Polymer-mediated optical activation of TRPV1 stimulates proliferation in ECFCs.\
(**A**) Relative variation of the proliferation rate of ECFCs subjected to long-term optical excitation seeded on both bare glass and P3HT thin films, together with corresponding control samples kept in dark conditions. Cell proliferation was measured after 36 hours of culture in the presence of EBM-2 supplemented with 2% fetal calf serum. (**B**) Relative variation of the proliferation rate of ECFCs subjected to long-term optical excitation seeded on P3HT in the absence (CTRL) and presence of 10 μM capsazepine (CPZ), 10 μM ruthenium red (RR), 20 μM RN-1734 (RN-1734), and 30 μM BAPTA-AM (BAPTA). The results are represented as the means ± standard error of the mean (SEM) of three different experiments conducted on cells harvested from three different donors. The significance of differences was evaluated with one-way analysis of variance (ANOVA) coupled with Tukey (A) or Dunnett's (B) post hoc test. \**P* \< 0.05.](aav4620-F2){#F2}

Recent evidence demonstrated an interesting correlation between processes key to ECFC vascular regeneration, including proliferation and network formation, and activation of TRPV1 channels, which are expected to be endogenously expressed in ECFCs ([@R32]). In addition, we recently reported that polymer photoexcitation leads to selective TRPV1 activation in transfected human embryonic kidney (HEK) cell models ([@R33]). Therefore, we were prompted to evaluate whether the increase in cell proliferation is distinctively determined by a polymer-mediated photoactivation of the TRPV1 channel. To this goal, we preliminarily checked the actual expression of the TRPV1 channel in the ECFC models by carrying out electrophysiology experiments in patch-clamp configuration. Methods and results are extensively discussed in the Supplementary Materials (fig. S2 and related description). Briefly, the expression of the TRPV1 channel was confirmed, as well as the capability to selectively excite its activity through localized polymer excitation at high optical power density. To establish whether the TRPV1 channel also has a role in the observed increase in cell proliferation upon polymer excitation, we performed the experiments under light illumination upon administration of a highly specific TRPV1 antagonist \[capsazepine (CPZ), 10 μM\], an aspecific TRPV channel inhibitor \[ruthenium red (RR), 10 μM\], and a selective antagonist of a different temperature-sensitive channel, TRPV4, which is also endogenously expressed in ECFCs (RN-1734, 20 μM) ([@R34]) ([Fig. 2B](#F2){ref-type="fig"}). TRPV1 inactivation by CPZ and RR results in a relative, strong reduction in cell proliferation by 51 and 30%, respectively, as compared with untreated cells. Conversely, in the case of RN-1734 treatment, the proliferation increase due to polymer photoexcitation is completely unaltered.

As mentioned earlier, intracellular Ca^2+^ signaling has been reported to drive ECFC proliferation ([@R26], [@R28]). To further investigate whether TRPV1-mediated extracellular Ca^2+^ entry mediates the proangiogenic response to light illumination, we pretreated ECFCs with \[1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) BAPTA-AM\] (30 μM), a membrane-permeable buffer of intracellular Ca^2+^ levels ([@R26], [@R28]). BAPTA-AM is widely used to prevent the increase in intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) induced by extracellular stimuli and inhibits the downstream Ca^2+^-dependent processes. For instance, BAPTA-AM represents the most suitable tool to prevent the activation of Ca^2+^-sensitive decoders residing within tens of nanometers from the inner pore of plasmalemmal Ca^2+^ channels ([@R35]). It was recently reported that, in the absence of Ca^2+^-mobilizing growth factors, it does not impair the low rate of ECFC growth ([@R27]). Here, however, BAPTA-AM clearly reduced the light-driven proliferation increase, thus confirming that TRPV1 stimulates ECFCs through an increase in \[Ca^2+^\]~i~ ([Fig. 2B](#F2){ref-type="fig"}).

We further examined the physiological outcome of chronic light stimulation by carrying out a tube formation assay within an extracellular matrix protein-based scaffold, which is a surrogate of the basement membrane extracellular matrix. This assay recapitulates many steps of the angiogenic process, including adhesion, migration, protease activity, and tubule formation ([@R27], [@R28]). ECFCs were plated in the presence of EBM-2 medium supplemented with 2% fetal calf serum and subjected to the long-term lighting protocol for 8 hours at controlled levels of temperature and CO~2~. Control experiments carried out in dark conditions, either onto glass (see [Fig. 3A](#F3){ref-type="fig"} for a representative optical image) or onto polymer substrates ([Fig. 3C](#F3){ref-type="fig"}), as well as control experiments carried out upon photoexcitation of cells seeded on glass substrates ([Fig. 3B](#F3){ref-type="fig"}), do not show remarkable differences. Conversely, ECFC cultures subjected to polymer-mediated optical excitation clearly tend to assemble into an extended bidimensional capillary-like network ([Fig. 3D](#F3){ref-type="fig"}). Cell cultures were monitored up to 24 hours after illumination onset, but results were comparable to observations reported here, after 8 hours of illumination. This qualitative observation is fully confirmed by quantitative morphological analysis ([@R27]). As depicted in the sketch of [Fig. 3E](#F3){ref-type="fig"}, we quantitatively evaluated the main features typical of the capillary-like network formation and, in particular, the number of master segments ([Fig. 3F](#F3){ref-type="fig"}), master junctions ([Fig. 3G](#F3){ref-type="fig"}), and meshes ([Fig. 3H](#F3){ref-type="fig"}). In all cases, a notable, statistically relevant difference is observed between cells subjected to polymer-mediated optical excitation and controls. Within the same considered temporal window, the combined use of polymer substrates and visible light stimuli does not lead to sizable toxicity effects or delays in cell proliferation. Conversely, it leads to enhanced cell proliferation ([Fig. 2](#F2){ref-type="fig"}) and allows the achievement of the formation of a more extended and mature tubular network ([Fig. 3](#F3){ref-type="fig"}).

![Light-induced photoexcitation stimulates tubulogenesis in ECFC cultures.\
(**A** to **D**) Representative images of in vitro tubular networks of ECFCs subjected to long-term optical excitation seeded on both bare glass and P3HT, as well as on corresponding control samples in dark conditions. Cultures were observed up to 24 hours, but their appearance did not substantially change after pictures were taken after 8-hour culture. Scale bars, 250 μm. (**E**) Sketch representing the main features typical of the capillary-like network that were considered for the topologic analysis. Number of master segments (**F**), master junctions (**G**), and meshes (**H**) analyzed in the different conditions. The results are represented as the means ± SEM of three different experiments conducted on cells harvested from three different donors. The significance of differences was evaluated with one-way ANOVA coupled with Tukey post hoc test. \*\**P* \< 0.01 and \*\*\**P* \< 0.001.](aav4620-F3){#F3}

As evidenced for the proliferation rate, the TRPV1 channel activation emerges to play also a fundamental role in tubulogenesis ([Fig. 4](#F4){ref-type="fig"}). The TRPV1 pharmacological blockade with the specific inhibitor CPZ deterministically leads to a marked reduction in network formation ([Fig. 4A](#F4){ref-type="fig"}). Upon CPZ administration, a statistically significant decrease in the relative variation of the number of master segments ([Fig. 4E](#F4){ref-type="fig"}), master junctions ([Fig. 4F](#F4){ref-type="fig"}), and meshes ([Fig. 4G](#F4){ref-type="fig"}) is observed. In line with the results shown in [Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}, RR administration resulted in a less marked but still sizable reduction in the tubular network ([Fig. 4, B and E to G](#F4){ref-type="fig"}), probably due to the minor specificity toward TRPV1, while the protubular effect of light remained fully unaltered in the presence of the TRPV4 inhibitor RN-1734 ([Fig. 4, C and E to G](#F4){ref-type="fig"}). Notably, the treatment with BAPTA-AM (30 μM), which affected ECFC proliferation, was able to prevent also in vitro tubulogenesis, thus corroborating the key role of intracellular Ca^2+^ signaling in the proangiogenic response to light illumination ([Fig. 4, D and E to G](#F4){ref-type="fig"}). Control measurements carried out in dark conditions on polymer substrates upon the considered pharmacological treatments do not show any relevant effect (fig. S4, A to C). Overall, this evidence supports the notion that TRPV1 stimulates ECFC proliferation and network formation and demonstrates that optical excitation, properly mediated by biocompatible polymer substrates, positively affects ECFC fate by spatially and temporally selective activation of the TRPV1 channel.

![Light-induced TRPV1 activation promotes in vitro tubulogenesis in ECFC cultures.\
(**A** to **D**) Representative optical images of in vitro tubular network of ECFCs subjected to long-term optical excitation seeded either on bare glass or on P3HT thin films and treated respectively with CPZ (A), RR (B), RN-1734 (C), and BAPTA-AM (D). Scale bars, 250 μm. (**E** to **G**) Relative variation of number of master segments (E), master junctions (F), and meshes (G) of ECFCs subjected to long-term optical excitation seeded on P3HT in the absence \[control (CTRL)\] and presence of 10 μM CPZ, 10 μM RR, 20 μM RN-1734 (RN-1734), and 30 μM BAPTA-AM (BAPTA). The results are represented as the means ± SEM of three different experiments conducted on cells harvested from three different donors. The significance of differences was evaluated with one-way ANOVA coupled with Dunnett's post hoc test. \**P* \< 0.05 and \*\**P* \< 0.01.](aav4620-F4){#F4}

Phototransduction mechanism
---------------------------

We now turn our attention to elucidating the possible mechanisms leading to optically enhanced tubulogenesis, through TRPV1 channel activation, upon prolonged polymer excitation.

Reliable optical modulation of the cell activity mediated by polymer photoexcitation has been reported in several, previous reports, both in vitro, at the level of single cells, and in vivo, at the level of the whole animal, as evidenced by behavioral studies on both invertebrate and vertebrate models. Three different photostimulation mechanisms, active at the polymer/cell interface, have been proposed so far. These include (i) the creation of an interface capacitance, i.e., of a localized electric field, possibly affecting the cell membrane potential ([@R11]); (ii) photothermal processes, establishing a localized temperature increase upon polymer photoexcitation ([@R13], [@R36]); and (iii) photoelectrochemical reactions, mainly oxygen reduction processes, leading to a local variation of extracellular and/or intracellular pH ([@R33]) and sizable production of reactive oxygen species (ROS), at a nontoxic concentration, and intracellular calcium modulation ([@R37]).

In electrophysiological experiments, carried out at a photoexcitation density higher than the one used in "chronic" stimulation by about two orders of magnitude, we clearly observe TRPV1 excitation, corresponding however to a small variation of the cell membrane potential, in the order of a few millivolts (Supplementary Materials). Thus, upon much lower light intensity, the effects of either direct photothermal channel activation and of photocapacitive charging are expected to be negligible. To further corroborate this hypothesis, we carry out control experiments aimed at disentangling photoelectrical from photothermal transduction processes.

First, we use a different material as a cell-seeding substrate, characterized by optical absorption and heat conductivity similar to the ones typical of P3HT ([@R13]) but fully electrically inert (i.e., unable to sustain electronic charge generation upon photoexcitation). The material of choice is a photoresist (MicroPosit S1813). S1813 thin films are realized by spin coating, and deposition parameters are optimized to obtain optical absorbance values similar to the semiconducting polymer samples at the considered excitation wavelength. The capability of photoresist substrates to sustain ECFC proliferation was successfully assessed in a control measurement, obtaining fully comparable results with respect to the P3HT substrates ([Fig. 5A](#F5){ref-type="fig"}). The functional effect eventually driven by photoresist optical excitation on tubulogenesis was then investigated by using the same experimental conditions and analysis technique previously adopted for polymer and glass substrates ([Fig. 5B](#F5){ref-type="fig"}). Data show that long-term photoresist excitation does not lead to sizable enhancement of the cellular network formation, thus pointing out that a purely photothermal effect does not play a major role in boosting the tubulogenesis process at variance with semiconducting polymer substrates. In a complementary experiment, we directly assessed the occurrence of photoelectrochemical reactions at the polymer/extracellular bath interface by measuring ROS production. We previously demonstrated that P3HT polymer thin films exposed to saline electrolytes sustain efficient light-triggered charge generation and charge transfer processes, giving rise to photoelectrochemical reactions ([@R38], [@R39]). Moreover, we also reported that P3HT nanoparticles are efficiently internalized within the cytosol of secondary line cell models (HEK-293) and that their photoexcitation leads to the production of ROS and subsequent intracellular calcium modulation ([@R15], [@R37]). However, the actual capability to sustain photoelectrochemical reactions in the specific experimental conditions used in this work (polymer film deposition conditions, sterilization process, prolonged exposure to specific cellular growth medium in an incubating environment, prolonged exposure to a light excitation protocol, light wavelength, pulses duty cycle, and power density) was never assessed. In particular, direct measurement of intracellular ROS was never carried out in the presence of polymer thin films. To this goal, we realized ECFC cultures on top of polymer and glass control substrates, and we exposed them to the same optical stimulation protocol previously used in the tubulogenesis assay. ROS production was then evaluated by means of a fluorescence experiment based on the use of the well-known ROS probe 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCF-DA) ([Fig. 5C](#F5){ref-type="fig"}). Results show that light induces an increase in ROS production both on glass and polymer substrates. Relative percentage variation amounts to +34 and +200%, respectively, thus pointing out that polymer surface photocatalytic activity plays a major role in the phototransduction phenomenon.

![Phototransduction mechanisms.\
(**A**) An electrically insulating, thermally conducting material (photoresist) is successfully used as an ECFC seeding substrate. (**B**) Photoresist long-term photoexcitation does not lead to sizable enhancement in tubulogenesis parameters. (**C**) Evaluation of intracellular ROS production following long-term photoexcitation protocol of ECFC cultures on polymer and glass substrates (glass dark, *n* = 629; glass light, *n* = 656; P3HT dark, *n* = 686; and P3HT light, *n* = 583). For each panel, the results are represented as the means ± SEM of three different experiments conducted on cells harvested from three different donors. The significance of differences was evaluated with unpaired Student's *t* test (A and B) or one-way ANOVA coupled with Tukey post hoc test (C). \*\*\**P* \< 0.001.](aav4620-F5){#F5}

Altogether, data in [Fig. 5](#F5){ref-type="fig"} indicate that photoelectrochemical reactions induced by light at the interface between the organic semiconducting polymer and the extracellular bath play a key role in triggering the observed enhancement in cell network formation through indirect activation of the TRPV1 channel. The occurrence of faradaic phenomena at the polymer/bath interface may give rise to material degradation effects. The photostability of the polymer substrates was carefully checked by optical absorption, photoluminescence, and Raman spectra measurements. By treating the samples with the same experimental protocol used for cell tubulogenesis assays (photoexcitation density, pulses frequency, overall exposure duration, temperature, and humidity levels), no sign of irreversible polymer degradation was observed, as compared with nonilluminated samples (fig. S5).

Long-term optical excitation recruits NF-κB and induces the expression of proangiogenic genes
---------------------------------------------------------------------------------------------

The Ca^2+^-sensitive transcription factor NF-κB might provide the missing link between the influx of Ca^2+^ through TRPV1 and the increase in proliferation and tubulogenesis observed in ECFCs upon photostimulation ([@R26]). We therefore monitored the nuclear translocation of the cytoplasmic p65 NF-κB subunit via immunofluorescence staining and mRNA levels of a number of genes induced during tubulogenesis in an NF-κB--dependent manner ([@R26], [@R40]) ([Fig. 6](#F6){ref-type="fig"}). Our data indicate that ECFCs seeded on polymer and subjected to light stimulation have a significantly enhanced p65 NF-κB nuclear translocation compared with the control conditions consisting of cells also seeded on P3HT but kept in dark conditions (+35% versus P3HT dark; *P* \< 0.05; [Fig. 6, A and B](#F6){ref-type="fig"}), and seeded on bare glass (+28% versus glass dark; *P* \< 0.05; [Fig. 6B](#F6){ref-type="fig"}). No differences were observed between samples seeded on glass, whether they were subjected to optical excitation or not (fig. S6).

![Light-induced photostimulation promotes p65 NF-κB nuclear translocation and induces the expression of proangiogenic genes in ECFCs.\
ECFCs seeded on P3HT samples and glass controls are subjected to long-term photostimulation protocol. Corresponding control samples are kept in dark conditions. After photostimulation, p65 NF-κB nuclear translocation (**A** and **B**) and mRNA levels of tubulogenic/angiogenic genes that have been shown to be activated downstream of NF-κB (**C**) are evaluated. (A) Representative images of immunofluorescence staining showing p65 NF-κB (green) nuclear translocation. Cell nuclei are detected by 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 50 μm. (B) Quantitative evaluation of p65 NF-κB nuclear translocation, as evidenced by colocalization experiments. Results are expressed as means ± SEM of the relative percentage of p65 nuclei--positively stained cells to the total number of cells (glass dark, *n* = 151; glass light, *n* = 125; P3HT dark, *n* = 147; and P3HT light, *n* = 159). Ten fields per condition are analyzed. Data are obtained from two different experiments conducted on cells harvested from two different donors. (C) mRNA levels of intercellular adhesion molecule 1 (ICAM1), selectin E (SELE), and matrix metalloproteinases (MMP1, MMP2, and MMP9) are quantified by real-time polymerase chain reaction (PCR). Data are expressed as means ± SEM of percentage variation with respect to cells grown in the dark (*n* = 6). The significance of differences was evaluated with unpaired Student's *t* test (C) or one-way ANOVA coupled with Tukey post hoc test (B). \**P* \< 0.05 and \*\**P* \< 0.01.](aav4620-F6){#F6}

In addition, we have checked the expression of nine genes whose expression is known to be induced in endothelial cells during tubulogenesis/angiogenesis in an NF-κB--dependent manner. We considered intercellular adhesion molecule 1 (ICAM1); vascular adhesion molecule 1 (VCAM1); selectin E (SELE), matrix metalloproteinases (MMPs) 1, 2, and 9; vascular endothelial growth factor A (VEGFA); cyclooxygenase 2 (COX2, PTGS2); and cyclin D1 (CCND1) ([@R40]). Of these, five are significantly up-regulated by light exposure in cells grown on P3HT substrates, namely, ICAM1 (+90% versus P3HT dark; *P* \< 0.05), SELE (+1119%; *P* \< 0.01), MMP1 (+242%; *P* \< 0.01), MMP2 (+467%; *P* \< 0.05), and MMP9 (+458%; *P* \< 0.05) ([Fig. 6C](#F6){ref-type="fig"}). Conversely, VCAM1, VEGFA, PTGS2, and CCND1 do not show relevant variation upon light stimulation (fig. S7A). Light excitation on cells grown on bare glass substrates does not show any significant effect as compared with control samples in dark conditions (fig. S7B).

DISCUSSION
==========

Therapeutic angiogenesis via autologous EPC transplantation represents a promising strategy to preserve or, at least, partially restore cardiac function after myocardial infarction ([@R24], [@R41]). Nevertheless, the regenerative outcome of EPC-based therapies in preclinical studies was rather disappointing and did not lead to sufficient neovascularization of the ischemic heart ([@R41]). This led to the proposal to boost their angiogenic activity by using emerging technologies, including tissue engineering of vascular niches, pharmacological preconditioning, or genetic and epigenetic reprogramming ([@R42]). ECFCs are regarded among the most suitable EPC subtypes to induce therapeutic angiogenesis and cardiac regeneration due to their high clonal proliferative potential and ability to assemble into capillary-like structures ([@R23], [@R24]). In addition, they can be easily isolated and expanded from the peripheral blood of patients and healthy donors. It has recently been suggested that their angiogenic activity could be boosted by targeting the intracellular Ca^2+^ toolkit ([@R29]). Here, we target ECFCs by adopting a fully different approach, i.e., by exploiting visible light as a modulation trigger and by the use of a thiophene-based conjugated polymer as the exogenous, light-responsive actuator. We demonstrate that photoexcitation of the organic material deterministically leads to robustly enhanced proliferation and tubulogenesis. Pharmacological assays, supported by electrophysiology experiments, allow the identification of TRPV1 selective excitation as a key player in the molecular pathway leading to macroscopic outcomes, as observed by quantitative analysis of the angiogenic response.

All data unambiguously show that polymer photoexcitation leads to selective activation of the TRPV1 channel, which has recently been shown to be expressed and drive angiogenesis in human ECFCs ([@R32]). TRPV1 is a polymodal Ca^2+^-permeable channel that integrates multiple chemical and physical cues to sense major changes in the local microenvironment of most mammalian cells ([@R43]). TRPV1 is activated by either noxious heat (\>42°C) and acidic solutions (pH \< 6.5), whereas mild acidification (pH 6.3) of the extracellular milieus sensitizes TRPV1 to heat stimulation and results in channel activation at temperature thresholds (30° to 32°C) well below the normal one ([@R43]). ROS production is also expected to further contribute to TRPV1 activation, as previously reported in mouse coronary endothelial cells ([@R44]), in which hydrogen peroxide elicits a depolarizing inward current at negative holding potentials. Likewise, ROS may stimulate TRPV1 to depolarize the membrane potential, thereby triggering trains of action potentials in airway C fibers ([@R45], [@R46]).

On the basis of measurements carried out in cells seeded on the photoresist substrate, as well as on direct evaluation of a limited, local temperature increase upon light stimuli during the long-term photoexcitation protocol, we infer that the excitation of the TRPV1 channel through direct photothermal transduction is not the predominant process leading to enhanced tubulogenesis.

We have previously demonstrated that polymer photoexcitation leads to generation of faradaic current, to electron transfer reactions at the polymer/electrolyte interface, and to sizable intracellular enhancement of ROS ([@R37], [@R38]). Briefly, optical excitation of P3HT polymer thin films leads to photoexcited species ([Eq. 1](#E1){ref-type="disp-formula"}), namely, singlets and charge states, which react with the oxygen dissolved in the cell medium, thus reducing oxygen ([Eq. 2](#E2){ref-type="disp-formula"})$$\left. P3\text{HT} + {h\nu}\rightarrow P3\text{HT}* \right.$$$$\left. P3\text{HT}* + O_{2}\rightarrow P3\text{HT}^{+} + O_{2}^{-} \right.$$

The superoxide further evolves, leading to the generation of different ROS and, lastly, ending up with hydrogen peroxide production. It has been reported that extracellular H~2~O~2~ can cross the plasma membrane through aquaporin AQP3, thereby triggering intracellular ROS signaling ([@R47], [@R48]). In line with our previous results, we have demonstrated here that intracellular ROS enhancement does occur in ECFCs upon photoexcitation of polymer thin films, thus contributing to TRPV1 activation.

Altogether, the evidence supports the hypothesis of a transduction mechanism mainly governed by photoelectrochemical reactions. Moreover, these same observations could explain why TRPV4, which is also expressed in ECFCs ([@R34]), is not sensitive to optical modulation. Although TRPV4 is activated by moderate heat (24° to 38°C), it is supposed to be inhibited by local pH variation, although this is still a matter of debate ([@R49], [@R50]).

On the one hand, the role attributed in the phototransduction mechanism to the capability of the polymer to generate and transport electronic charges, as well as to its photocatalytic activity in an aqueous environment, clearly implies the need for a biocompatible, visible light--responsive, semiconducting material. This excludes any possible implementation of the reported technique by using a thermally conducting, electrically insulating plastic substrate. Suitable cell-seeding materials have to be selected and developed within the wide arena of organic semiconducting polymers. On the other hand, the key role played by ROS raises additional issues about material photostability, cell viability, and overall safety and reliability of the technique. We extensively verified that the main polymer optoelectronic properties are not substantially altered by the exposure to light and to incubating conditions. From the biological point of view, it is very well known that high ROS levels can induce highly toxic effects and, finally, lead to cell death. We notice, however, that the established photoactivation protocol (illuminator geometry and air flow, light photoexcitation density, duty cycle, and repetition rate) has been implemented to avoid any detrimental effect. Accordingly, no toxicity effects were detected for the overall duration of the experiments, as proven by the robust increase in ECFC proliferation and tubulogenesis exposed to light. This observation is consistent with the emerging notion that appropriate ROS levels can exert a signaling role and control angiogenesis in endothelial cells ([@R51]).

The biophysical mechanisms whereby the photoactivation of TRPV1 stimulates in vitro angiogenesis in ECFCs deserve a more detailed discussion as well. Earlier work showed that TRPV1 stimulates proliferation and tube formation in vascular endothelial cells by mediating extracellular Ca^2+^ entry. The following increase in intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) leads to the recruitment of several downstream Ca^2+^-dependent decoders, such as endothelial nitric oxide synthase and Ca^2+^/calmodulin-dependent protein kinase II (CaMKII) ([@R52]). Recently, TRPV1 was found to induce also proliferation and tube formation in ECFCs by mediating the uptake of the endocannabinoid anandamide ([@R32]). This study, however, did not investigate whether TRPV1 activation was per se able to stimulate ECFCs by engaging Ca^2+^-dependent pathways. Intracellular Ca^2+^ signaling is a crucial determinant of ECFC fate and behavior ([@R26]--[@R28]). Accordingly, light-induced ECFC proliferation and tube formation were markedly reduced by the pharmacological blockade of TRPV1-mediated Ca^2+^ entry with CPZ and RR and by preventing the subsequent increase in \[Ca^2+^\]~i~ with BAPTA-AM. This finding endorses the view that optical excitation stimulates ECFCs through TRPV1-mediated extracellular Ca^2+^ entry, and we suggest here that this occurs via downstream activation of transcriptional factor NF-κB. NF-κB has previously been shown to stimulate cell proliferation and tubulogenesis in endothelial cells ([@R53], [@R54]) and in hepatocytes ([@R55]). Our group has shown that NF-κB triggers the transcriptional program underlying the angiogenic response to extracellular Ca^2+^ entry in ECFCs ([@R26]). Moreover, NF-κB activation in response to extracellular stimulation and Ca^2+^ entry through TRPV1 has also been demonstrated ([@R56], [@R57]). Under resting conditions, NF-κB is retained in the cytoplasm by the complex with the inhibitory protein IκB. An increase in \[Ca^2+^\]~i~ results in IκB degradation by ubiquitination, which is triggered upon the Ca^2+^-dependent phosphorylation of IκB. As a consequence, the p65 NF-κB subunit is released from IκB inhibition and translocates into the nucleus ([@R58]) where it induces the expression of multiple proangiogenic genes ([@R40]). Consistently, we found that optical excitation significantly boosted the nuclear translocation of p65 in ECFCs cultured on the conjugated polymer compared with those not exposed to light. Robust up-regulation of several angiogenic genes, such as ICAM, SELE, MMP1, MMP2, and MMP9, which are under NF-κB--dependent transcriptional control, was also consequently observed. Intriguingly, NF-κB also mediates VEGFA-induced gene expression and angiogenesis in vascular endothelial cells ([@R59], [@R60]) through an increase in \[Ca^2+^\]~i~ ([@R61]). These observations strongly hint at NF-κB as the Ca^2+^-sensitive decoder that translates optical excitation into an angiogenic response in human ECFCs interfaced with the light-sensitive conjugated polymer.

Overall, our findings represent the proof of principle that optical modulation may be successfully exploited to directly control the fate of a progenitor cell population, i.e., ECFCs, which has been shown to support revascularization of ischemic tissues. The in vitro activation of ECFC angiogenic activity is made possible by the use of a biocompatible, light-sensitive polymer as the phototransduction element.

The combined use of optical excitation and organic polymer technology can open interesting perspectives for several different reasons. First, the use of light modulation allows unprecedented spatial and temporal resolution to be achieved in a fully reversible way. Light temporal and spatial patterns can be specifically designed and adapted to different in vitro cell models, allowing ideally endless combinations of possibilities, to finely tune overall output in cell proliferation and network formation. The demonstrated technology is minimally invasive, allows for massive parallelization of experiments, and can be virtually implemented in any cell therapy model in a straightforward way. In addition, the use of different polymers, with lower energy gap and in the form of nanobeads, may pave the way to the optical enhancement of therapeutic angiogenesis in vivo. Further work is needed to understand whether the pattern and/or intensity of the illumination protocol may be adjusted to further boost the angiogenic response. For instance, the optical excitation protocol consisted of 30-ms-long light pulses that were delivered at 1 Hz for 4 (tubulogenesis) up to 36 (proliferation) hours. This is likely to result in oscillations in \[Ca^2+^\]~i~, which are known to deliver the most instructive signal for ECFCs to undergo angiogenesis by inducing the nuclear translocation of the p65 NF-κB subunit ([@R26]). As the frequency of intracellular Ca^2+^ oscillations can be artificially manipulated to regulate NF-κB--dependent gene expression in virtually any cell type ([@R62]), we envisage an additional layer of specificity and control that could be exploited to further improve the angiogenic response to optical excitation. Future work will also be devoted to assess the outcome of optical modulation on patient-derived ECFCs. One of the main hurdles associated to autologous cell-based therapy is the impairment of the angiogenic activity of EPCs, including ECFCs harvested from cardiovascular patients ([@R29]). The therapeutic translation of our findings will require the demonstration that light-induced TRPV1 activation boosts angiogenesis also in ECFCs derived from individuals affected by severe cardiovascular disorders, such as hypertension, atherosclerosis, and heart failure. In this view, the combination of organic semiconductors and genetic manipulation to increase endogenous TRPV1 expression could be sufficient to restore the reparative phenotype of autologous ECFCs from cardiovascular patients.

MATERIALS AND METHODS
=====================

Semiconducting polymer and electrically insulating photoresist preparation
--------------------------------------------------------------------------

Regioregular P3HT (99.995% purity; Mn 54,000 to 75,000 molecular weight) was purchased from Sigma-Aldrich and used without any further purification. The samples for cell cultures were prepared by spin coating on a square 18 mm by 18 mm glass (VWR International) substrates carefully rinsed in subsequent ultrasonic baths of ultrapure water, acetone, and isopropanol. P3HT solution was prepared in chlorobenzene at a final P3HT concentration of 20 g/liter and spin coated on the cleaned substrates with a two-step recipe: (i) 3 s at 800 rpm and (ii) 60 s at 1600 rpm. Polymer film thickness is about 150 nm.

Microposit S1813 photoresist was purchased from Shipley and used without any further purification. Photoresist thin films were prepared by spin coating on cleaned substrates with a two-step recipe: (i) 3 min at 300 rpm and (ii) 30 s at 2600 rpm. Parameters were adjusted to obtain homogeneous films and similar optical absorbance to the one of the polymer thin films, at the same excitation wavelength used in the long-term stimulation protocol (see below). All films were thermally treated in an oven at 120°C for 2 hours for annealing and sterilization. To promote adhesion, samples were coated with fibronectin (from bovine plasma; Sigma-Aldrich) at a concentration of 2 mg/ml in phosphate-buffered saline (PBS) for at least 30 min at 37°C and then rinsed with PBS.

Isolation and cultivation of ECFCs
----------------------------------

ECFCs were isolated from peripheral blood and expanded as shown elsewhere ([@R26]). Blood samples (40 ml) collected in EDTA-containing tubes were obtained from healthy male human volunteers aged from 28 to 38 years. The Institutional Review Board at Istituto di Ricovero e Cura a Carattere Scientifico Policlinico San Matteo Foundation in Pavia approved all protocols and specifically approved this study. Informed written consent was obtained according to the Declaration of Helsinki of 1975 as revised in 2008. We focused on the so-called ECFCs, a subgroup of EPCs that are found in the CD34^+^ CD45^−^ fraction of circulating mononuclear cells (MNCs), exhibit robust proliferative potential, and form capillary-like structures in vitro ([@R23]). To isolate ECFCs, MNCs were obtained from peripheral blood by density gradient centrifugation on lymphocyte separation medium for 30 min at 400*g* and washed twice in EBM-2 with 2% fetal calf serum. A median of 36 × 10^6^ MNCs (range, 18 to 66) was plated on fibronectin-coated culture dishes (BD Biosciences) in the presence of the endothelial cell growth medium EGM-2 MV (Lonza) containing endothelial basal medium (EBM-2), 5% fetal bovine serum (FBS), recombinant human (rh) EGF, rhVEGF, recombinant human Fibroblast Growth Factor-Basic (rhFGF-B), recombinant human Insulin-like Growth Factor-1 (rhIGF-1), ascorbic acid, and heparin and maintained at 37°C in 5% CO~2~ and humidified atmosphere. Nonadherent cells were discarded after 2 days, and thereafter, medium was changed three times a week. The outgrowth of ECFCs from adherent MNCs was characterized by the formation of a cluster of cobblestone-shaped cells. That ECFC-derived colonies belonged to the endothelial lineage was confirmed by staining with anti-CD31, anti-CD105, anti-CD144, anti-CD146, anti--von Willebrand factor, anti-CD45, and anti-CD14 monoclonal antibodies and by assessment of capillary-like network formation in the in vitro tube formation assay.

For our experiments, we have mainly used endothelial cells obtained from early-passage ECFCs (P2-4, which roughly encompasses a 15- to 18-day period) with the purpose to avoid, or maximally reduce, any potential bias due to cell differentiation. However, to make sure that the phenotype of the cells did not change throughout the experiments, in the preliminary experiments, we tested the immunophenotype of ECFCs at different passages, and we found no differences. We also tested whether functional differences occurred when early (P2)-- and late (P6)--passage ECFCs were used by testing the in vitro capacity of capillary network formation in a Cultrex assay and found no differences between early- and late-passage ECFC-derived cells (data not shown).

Electrophysiology
-----------------

Electrophysiological recordings were performed using a patch-clamp setup (Axopatch 200B; Axon Instruments) coupled to an inverted microscope (Nikon Eclipse Ti). ECFCs were measured in whole-cell configuration with freshly pulled glass pipettes (3 to 6 MΩ), filled with the following intracellular solution: 12 mM KCl, 125 mM K-gluconate, 1 mM MgCl~2~, 0.1 mM CaCl~2~, 10 mM EGTA, 10 mM Hepes, and 10 mM ATP (adenosine 5′-triphosphate)--Na~2~. The extracellular solution contained the following: 135 mM NaCl, 5.4 mM KCl, 5 mM Hepes, 10 mM glucose, 1.8 mM CaCl~2~, 1 mM MgCl~2~. Only single cells were selected for recordings. Acquisition was performed with the pCLAMP 10 software (Axon Instruments). Membrane currents were low pass filtered at 2 kHz and digitized with a sampling rate of 10 kHz (Digidata 1440 A; Molecular Devices). Data were analyzed with Clampfit (Axon Instruments) and Origin 8.0 (OriginLab Corporation).

Polymer photoexcitation
-----------------------

For optical excitation of the polymer, a homemade petri cell culture illuminator, compatible with the use within the cell incubator, was designed and implemented. Its design included a black spacer made by fused filament fabrication, both to minimize overheating effects in the extracellular bath and to avoid unwanted light scattering/diffusion effects and cross-talk between different specimens. Optical excitation was provided by a green LED system, whose duty cycle, repetition rate, and intensity were set through a custom-made control circuit, comprising a microcontroller, a digital-to-analog converter, and an analog LED driver. The driver was connected to five green LEDs (SMB1N-525V-02; Roithner LaserTechnik GmbH, Vienna, Austria), with maximum emission wavelength at 525 nm, each carrying a collimator lens reducing the emission angle to 22°. This way, up to five 3.5-cm petri dishes can be simultaneously treated with a homogeneous photoexcitation density of 40 mW/cm^2^. The long-term optical excitation protocol adopted for cell fate modulation consists of 30-ms-long pulses, followed by 70-ms-long dark conditions, continuously repeated for a minimum of 4 up to 36 hours in the case of tubulogenesis and proliferation assays, respectively.

Proliferation assays
--------------------

Growth dynamics were evaluated by plating a total of 5 × 10^3^ ECFC-derived cells into 10-mm fibronectin-treated cloning cylinders (5 × 10^4^/cm^2^) in the presence of EGM-2 MV medium to facilitate the adhesion. After 12 hours, the medium was switched to EBM-2 supplemented with 2% fetal calf serum. For the pharmacological treatment, one of compounds was added to the medium: BAPTA (30 μM), CPZ (10 μM), RN-1734 (20 μM), or RR (10 μM). Cultures were incubated at 37°C (in 5% CO~2~ and humidified atmosphere), and cell growth was assessed after 36 hours since the beginning of the long-term illumination protocol. At this point, cells were recovered by trypsinization from all the dishes, and the cell number was assessed by counting in a hemocytometer. Preliminary experiments showed no unspecific or toxic effect for each agent when used at these concentrations. Each assay was repeated in triplicate.

In vitro tube formation assay
-----------------------------

ECFC-derived cells from early-passage (P2 to P4) cultures were obtained by trypsinization and resuspended in EBM-2 supplemented with 2% FBS. EPC-derived cells (10 × 10^3^) per well were plated in Cultrex basement membrane extract (Trevigen Inc., Gaithersburg, MD, USA) 10-mm fibronectin-treated cloning cylinders. Plates were then incubated at 37°C, 5% CO~2~, and capillary network formation was assessed starting from 4 to 24 hours later. At least three different sets of cultures were performed every experimental point. Quantification of tubular structures was performed after 8 hours of incubation by measuring the total length of structures per field with the aid of the ImageJ software (National Institutes of Health, USA; <http://rsbweb.nih.gov/ij/>). To evaluate the role of TRPV1, the same protocol was repeated in the presence of the following drugs: BAPTA (30 μM), CPZ (10 μM), RN-1734 (20 μM), or RR (10 μM).

ROS detection
-------------

H~2~DCF-DA (Sigma-Aldrich) was used for the intracellular detection of ROS. ECFCs were seeded onto polymer and control substrates and subjected to the same photoexcitation protocol used for the in vitro tube formation assay. Immediately after the end of the protocol, cell cultures were incubated with the ROS probe for 30 min. After careful washout of the excess probe from the extracellular medium, the fluorescence of the probe was recorded (excitation/emission wavelengths, 490/520 nm; integration time, 70 ms for H~2~DCF-DA) with an inverted microscope (Nikon Eclipse Ti) equipped with an Analog-WDM Camera (CoolSNAP MYO, Teledyne Photometrics). To minimize the effects of the spectral overlap between the polymer absorption and emission spectra, and the probe emission, samples were turned upside down by using a homemade chamber with a 500-μm-thick channel filled with extracellular medium. Variation of fluorescence intensity was evaluated over regions of interest covering single-cell areas, and reported values represent the average over multiple cells. See figure captions for additional details about statistical analysis. Image processing was carried out with ImageJ and subsequently analyzed with Origin 8.0.

Polymer photostability assay
----------------------------

Two sets of P3HT thin films (*n* = 12) were prepared as described above. The optical absorbance, the emission, and the Raman spectrum were measured immediately after fabrication. Then, all samples were exposed to ECFC growth medium (EBM-2 supplemented with 2% FBS) and incubated at 37°C, 5% CO~2~ for 24 hours. The first set was taken in dark conditions (*n* = 6), and the second one was treated with the same optical excitation protocol used in the tubulogenesis assays (*n* = 6). After incubation, absorption, emission, and Raman spectrum were measured again in the same conditions as before. Absorption spectra were recorded by using a spectrophotometer (PerkinElmer Lambda 1040) in transmission mode. Photoluminescence spectra were acquired by using a Jobin-Yvon spectrofluorometer; the excitation wavelength was set at the polymer absorption peak wavelength (530 nm). Resonant Raman spectra were recorded by using visible light excitation at 532 nm (HORIBA Jobin-Yvon HR800 micro-Raman spectrometer system). Laser power intensity on the sample was kept at values lower than 0.03 mW to avoid laser-induced sample degradation. Spectra were typically recorded in the region 600 to 2000 cm^−1^ and were calibrated against the 520.5 cm^−1^ line of an internal silicon wafer. The signal-to-noise ratio was enhanced by repeated acquisitions (100). The measurements were conducted at room temperature (RT), and the resulting spectral resolution was 0.4 cm^−1^.

Immunofluorescence assay
------------------------

To examine NF-κB p65 subunit translocation into the nucleus in the individual ECFCs, the coverslips were fixed with 4% formaldehyde in PBS (20 min at RT) and permeabilized with 0.1% Triton X-100 in PBS (7 min at RT). Primary rabbit polyclonal anti-p65 antibody (Santa Cruz Biotechnology, catalog no. Sc-372) was applied at a final dilution of 1:100 for 1 hour at 37°C in a humidified chamber. After three washes with PBS, secondary chicken anti-rabbit Alexa(488)-conjugated antibody (1:200; Invitrogen, catalog no. A-21441) was applied for 1 hour at RT. After washing (three times in PBS), nuclei were counterstained with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI; 1:5000 dilution in PBS; 20 min at RT; Invitrogen, catalog no. D1306). Last, the coverslips with cells were mounted on microscope glass slides using Fluoroshield mount medium (Sigma, catalog no. F6182). Fluorescence images were taken with the same fluorescence microscope used for the electrophysiology experiments, using standard DAPI and fluorescein isothiocyanate filters set for the acquisition of DAPI and Alexa(488) fluorescence emission, respectively.

Total RNA extraction and real-time polymerase chain reaction
------------------------------------------------------------

Cells were lysed in 0.5 ml of TRI Reagent (Sigma, catalog no. T9424), and total RNA was extracted according to the manufacturer's protocol. One microgram of total RNA was retrotranscribed using SensiFAST cDNA Synthesis Kit (Bioline, London, UK, catalog no. BIO-65054). Real-time polymerase chain reaction (PCR) was performed using iTaq qPCR master mix according to the manufacturer's instructions (Bio-Rad, Segrate, Italy, catalog no. 1725124) on a SFX96 Real-Time System (Bio-Rad). As a control, *S*18 ribosomal subunit was used, whose expression did not change across the conditions. For each gene, Δ*C*~t~ was calculated by using the formula Δ*C*~t~ = 2\^(Δ*C*~t~(gene) -- Δ*C*~t~(S18)). The data are expressed as a percentage variation between P3HT light and glass light conditions and P3HT dark and glass dark samples, respectively. Sequences of oligonucleotide primers are listed in table S1.

Statistical analysis
--------------------

The significance of differences was evaluated with unpaired Student's *t* test or one-way analysis of variance (ANOVA) coupled with Tukey or Dunnett's post hoc test, as appropriate. Data are represented as means ± standard error of the mean (SEM). *P* \< 0.05 was considered statistically significant. Statistical analysis was performed using the GraphPad Prism 7 software (GraphPad Software Inc., La Jolla, CA).
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